Spin injection from two-dimensional electron and hole gases in resonant tunneling diodes by Gobato, YG et al.
Spin injection from two-dimensional electron and hole gases in resonant
tunneling diodes
Y. Galvão Gobato, H. V. A. Galeti, L. F. dos Santos, V. López-Richard, D. F. Cesar et al. 
 
Citation: Appl. Phys. Lett. 99, 233507 (2011); doi: 10.1063/1.3668087 
View online: http://dx.doi.org/10.1063/1.3668087 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v99/i23 
Published by the American Institute of Physics. 
 
Related Articles
Room-temperature sign reversed spin accumulation signals in silicon-based devices using an atomically smooth
Fe3Si/Si(111) contact 
J. Appl. Phys. 113, 013916 (2013) 
Spin transport properties in a double quantum ring with Rashba spin-orbit interaction 
J. Appl. Phys. 113, 014303 (2013) 
Competition of 3d/4f orbitals due to competing conductivity and ferromagnetism in Fe/CoAs layers in
Eu(Fe0.89Co0.11)2As2 
J. Appl. Phys. 113, 013907 (2013) 
Topological insulator-graphene junction for spin transport 
Appl. Phys. Lett. 101, 243102 (2012) 
Rectifying and perfect spin filtering behavior realized by tailoring graphene nanoribbons 
J. Appl. Phys. 112, 114319 (2012) 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 
Downloaded 15 Jan 2013 to 143.106.1.143. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
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We have investigated the polarized-resolved photoluminescence from the contact layers and the
quantum-well in an n-type GaAs/GaAlAs resonant tunneling diode for magnetic fields up to 19 T.
The optical emission from the GaAs contact layers comprises the recombination from highly spin-
polarized two-dimensional electron and hole gases with free tunneling carriers. Both the energy
position and intensity of this indirect recombination are voltage-dependent and show remarkably
abrupt variations near scattering-assisted tunneling resonances. Our results show that these two
dimensional gases act as spin-polarized sources for carriers tunneling through the well in resonant
tunneling diodes. VC 2011 American Institute of Physics. [doi:10.1063/1.3668087]
It has been demonstrated that the spin-polarization of
carriers in resonant tunneling diodes (RTDs) can be voltage-
selected, which makes this structure very attractive for spin-
tronic applications.1–12 Recently, RTDs with semi-magnetic
layers were also used to investigate the valence-band structure
of the GaMnAs alloy.12 In addition, it has been shown that
both the excitonic spin-splitting energy and the polarization
of the quantum well (QW) emission from non-magnetic
RTDs under an applied magnetic field present strong oscilla-
tions near resonant voltages.4,5 These two parameters did not
present, however, a clear correlation, which implies that the
polarization cannot be explained by a simple thermal occupa-
tion of the QW levels. Therefore, other effects such as spin-
conservation on resonant tunneling through spin-split levels
and the spin-polarization of the carriers accumulated at the
contact layers must also be considered in order to explain the
spin-polarized emission from RTDs. In this work, we investi-
gate the polarized-resolved photoluminescence (PL) from
both, the contact layers and the QW, in a non-magnetic n-type
GaAs/GaAlAs RTD as a function of the applied voltage and
under high magnetic fields parallel to the tunnel current.
Our device was grown by molecular beam epitaxy on
nþ (001) GaAs substrate. Its active region consists of 2 lm
n-GaAs (1018 cm3), 509 Å n-GaAs (1017 cm3), 509 Å
n-GaAs (1016 cm3), 34 Å undoped GaAs spacer, 71 Å
Al0.4Ga0.6As barrier, 59 Å GaAs QW, 113 Å, Al0.4Ga0.6As
barrier, 34 Å GaAs spacer, 509 Å n-GaAs (1016 cm3), 509 Å
n-GaAs (1017 cm3), and 0.51 lm n-GaAs (1018 cm3). Cir-
cular mesas of 200 lm diameter were processed with annular
AuGe contacts to allow optical measurements. PL measure-
ments were performed at 4 K under magnetic fields up to
19 T using optical fibers and a Si CCD system coupled to a
spectrometer. A linearly polarized line from an Arþ laser
was used for optical excitation. Right rþ and left r circu-
larly polarized emissions were selected with appropriate
optical components and by reversing the current in the
electromagnet.
Fig. 1(a) shows a schematic band diagram of the device.
Under forward bias and light excitation, electrons are accu-
mulated next to the emitter barrier (substrate side) forming a
two-dimensional electron-gas (2DEG), and photogenerated
holes next to the surface are pushed towards the top barrier
and also form a two-dimensional hole-gas (2DHG). Resonant
tunneling can thus occur from the 2D confined states to the
QW resonant states (labeled E1, E2, HH1), and electron-hole
recombination processes may occur at different regions of
the RTD, as represented in Fig. 1(a). Figs. 1(b) and 1(c)
show the current-voltage characteristics curves for different
conditions. For B¼ 0 T, two electron resonant peaks are
observed at 0.94 and 1.25 V, which are associated to the res-
onant tunneling of electrons through QW states (E1 and E2).
Under light excitation, we observe an additional peak
(0.145 V) associated to the first heavy-hole (HH1) resonance
and a plateau associated to the exhaustion of the photo-
created holes. Under 19 T, the main resonances are no longer
resolved, and additional peaks due to scattering-assisted res-
onant magneto-tunneling appear at higher voltages.17 Fig.
1(d) shows typical polarization-resolved PL spectra from the
GaAs QW and contact layers at 0.22 V. The QW emission
consists of a single negatively polarized band at 1.6 eV,
while the emission from the GaAs contact layers is also neg-
atively polarized but presents a complex shape including a
broad band from the degenerated n-doped layers and narrow
peaks, whose origin will be discussed below.
Figure 2 presents color-coded maps of the RTD emis-
sion as a function of the bias voltage for B¼ 0 and 19 T, on
which we also included the I(V) characteristics curves for
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reference. Under the selected color-scale, the broad-band
emission from the degenerated GaAs is rather faint, but a
narrow peak at the GaAs band gap energy is evident, which
we attribute to the recombination of carriers at the undoped
space-layer (bulk-exciton, BE). Those two emission bands
remain basically constant with increasing applied bias vol-
tages, as expected. However, we also observe additional PL
peaks which are clearly voltage-dependent. We associate
those peaks to spatially indirect recombination between free
carriers and carriers confined in 2D gases localized at the
accumulation layers (see Fig. 1(a)).
First, we focus on the emission band that emerges at vol-
tages slightly larger than zero for B¼ 0 T (Fig. 2(b)). This
band presents a strong shift to lower energies and a decreas-
ing intensity with increasing voltages. Those characteristics
are fully consistent with an emission involving a 2D gas
formed by the applied voltage. As we raise the bias, the
increasing electric field along the structure should result in a
diminishing energy for the 2D gas-free transition, an increas-
ing spatial separation between those carriers, and therefore, a
decreasing overlap of the carriers’ wavefunctions and a
decreasing PL intensity (Franz Keldysh effect). At low vol-
tages under optical excitation, we expect that both, 2DEG
and 2DHG, are formed. However, we attribute this transition
to the recombination between confined holes at the 2DHG
and free electrons (2DHG-e). This attribution is based on the
fact that optical transitions involving 2DHG-e (named H
band) emissions in high-quality heterojunctions have been
observed both with and without an applied magnetic
field11–13 while 2DEG-h recombination has only been
observed under magnetic field.14–16 This distinction has not
been explained by a theoretical model yet but is probably
related to the different effective masses and mobilities of
electrons and holes. Figures 2(b) and 2(c) present the PL
emission from the contact layer under 19 T for rþ and r
polarizations. The emission is clearly r polarized, which
will be discussed in details below. The PL spectra are similar
to the B¼ 0 case, but we observe an additional voltage-
dependent emission at high voltages (1.5–1.8 V), with very
distinct voltage dependence as compared to the 2DHG-e
recombination. Its rising is extremely abrupt and coincides
with the vanishing of the BE transition. We associated this
peak to the recombination between 2DEG electrons and free
holes (2DEG-h). The attribution is consistent with the fact
that this emission is not observed without an applied mag-
netic field, as discussed above.14–16 In addition, the rising
(1.5 V) and the abrupt variation of intensity and energy
position of this emission (1.7 V) show evident correlation
with the ceasing of electron resonance channels. Finally, the
significantly distinct voltage dependence of this energy tran-
sition also corroborates with its attribution to a 2DEG-related
emission, in opposition to the low-voltage peak attributed to
a 2DHG-related transition, which must be related to the dis-
tinct masses of the involved carriers. Abrupt transfers from
the BE to a 2DEG-h transition were previously observed on
high-quality modulation doped GaAs/AlGaAs heterojunc-
tions as a function of a magnetic field.15 In this case, it was
established that the 2DEG-h emission was only observed for
filling factors m< 2. Those results were explained by a phe-
nomenological model which considers exciton generation far
from the interface containing the 2DEG, followed by its dif-
fusion and dissociation near the polarized 2DEG, which may
give rise to the 2DEG-h transition.15 Nonetheless, the exciton
diffusion model cannot be applied for our structure, as the
free carriers attain the 2D gas regions preferentially by tunnel-
ing. In addition, we observed abrupt transfers from the BE to
2DEG-h peaks by varying the applied bias, and most of them
correspond to electron resonances. The exception is the van-
ishing of the 2DEG-h peak at 1.8 V, which may be associ-
ated to the m< 2 observed limit. For instance, increasing
applied voltages and increasing electric fields along the struc-
ture results in increasing carrier densities of the 2DEG. Conse-
quently, the m¼ 2 condition may indeed be attained at 1.8 V
and 19 T, which would explain the abrupt decreasing of the h-
FIG. 1. (Color online) (a) Schematic band diagram of our device under for-
ward bias and light excitation. (b) and (c) Current Voltage characteristics
curves for 0 T and 19 T. (d) Typical PL emissions from the contact layers
and QW, under 0.22 V and for B¼ 19 T.
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2DEG emission intensity around this voltage. A quantitative
analysis of those results requires, however, the developing of
a theoretical dynamical model for this very complex system.
Fig. 2(d) presents the voltage dependence of the QW
emission for B¼ 0. The QW PL emission presents intensity
and energy oscillations that correlates with the I(V) curve.
The QW PL intensity should be proportional to the product
of the densities of electrons and holes inside the QW. This
explains the abrupt PL rising at the threshold of hole- tunnel-
ing into the QW, just after the HH1 resonance, as well as the
PL intensity decreasing at high voltages, due to the growing
probability of carrier tunneling out of the QW. Figs. 2(e) and
2(f) present the QW PL emission at B¼ 19 T for rþ and r
polarizations, which is very similar to the zero field condi-
tion. The results clearly show that the QW emission is also
strongly r polarized. The QW polarization degree will be
discussed in details below.
Fig. 3 presents the voltage dependence of the spin split-
ting and the degree of circular polarization (DCP) obtained
for the QW emission at 19 T. The DCP was calculated using
the relation: (Irþ – Ir)/(Irþþ Ir), where Ir and Ir are the
integrated intensities of the right and left circularly polarized
emissions. Notice that as DCP is always negative, we have
used an inverted scale on Fig. 3. We observe that the QW
DCP varies with the applied bias, while the QW spin split-
ting remains mainly constant for all applied voltages. There-
fore, the QW polarization degree cannot be attributed solely
to a thermal occupation effect. The QW spin-splitting may
be partially responsible for the negative DCP, but it cannot
explain the voltage variations, which seems to be related to
the injection of carriers along the structure. For instance, the
QW DCP shows a fast oscillation at low voltages, which we
associate to hole resonances of spin-split QW levels. Even
though the hole resonances are not resolved in the I(V), we
do expect that they occur at this voltage range, and this is
supported by the integrated PL intensity (inset of Fig. 3(b)).
The rþ and r PL intensities occur at distinct voltages
resulting on the observed DCP oscillation. We also observe a
correlation of the QW DCP and the IV curve at larger vol-
tages, including a plateau at the saturation of the photocre-
ated holes (0.3 V), a DCP increase at the threshold of
electron tunneling (1.0 V), and an abrupt variation at the
negative resistance step (1.5 V).
We have also estimated the DCP for the 2DHG-e and
2DEG-h emissions for the voltage ranges where they are
observed. The 2DHG-e shows a strong variation that must be
associated to a 2DHG density variation, as in this voltage
range, the 2DHG density has just been formed and starts to
be populated and then decreases due to the onset of hole tun-
neling. We remark that the g-factor from 2D carriers, and
therefore the spin-polarization of the gas, is usually strongly
dependent on the gas density. At low voltages, the QW DCP
seems to follow the 2DHG-e DCP, except by the fast oscilla-
tion discussed above and attributed to a hole-spin-tunneling
effect, which indicates that spin-polarized carriers from the
2DHG are injected and probed into the QW.
On the other hand, the 2DEG-h emission is only
observed at relatively large voltages, when the 2DEG must
FIG. 2. (Color online) Color-coded maps of polarization
resolved PL intensities as a function of voltage for contact
layers and QW under B¼ 0 T [(a), (d)] and under 19 T
[(b), (c), (e), and (f)]. The I(V) characteristics curve is also
shown, in order to identify possible correlations between
emissions and tunneling of carriers through the diode.
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have attained relatively high densities. At this limit, the
g-factor of the 2DEG seems to be weakly dependent on its
density, and the DCP of the 2DEG emission remains mainly
constant at a rather large negative value (80%). At the
same range, the QW emission also presents a mainly con-
stant DCP of 60%. The smaller QW polarization indi-
cates a spin polarization loss on the tunneling process that
may be related to the fact that this analysis is restricted to a
voltage range just after the electron resonance, when the
2DEG emission can be observed. It is well known that at this
non-resonant region, most of the tunneling current should
involve incoherent transport assisted by interface roughness
and longitudinal optical phonon (LO).17 Those processes
should represent an important source of spin polarization
loss of the carriers for tunneling.
We might consider a simple model where the QW polar-
ization degree is defined solely by the spin polarization of
the injected carriers from the 2D gases at the accumulation
layers. Even on this simple model, the picture is still com-
plex and we must consider spin loss associated to the tunnel-
ing process, as discussed above. However, a more complete
analysis requires the development of a theoretical model of
the circular polarization that takes into account additional
effects, such as the density of carriers along the structure, the
thermal occupation of the spin-split levels, and the character-
istic times of the involved processes: tunneling, spin-
relaxation, and carrier recombination. On the other hand, the
fast oscillation of the QW DCP observed at low voltages is
clear evidence that the alignment between spin-split states
plays an important role at resonant condition.
In conclusion, we have observed a voltage-controlled
polarization-degree from the QW emission of our RTD
structure with values up to 63% at 19 T. We also investi-
gated the spatially indirect emissions involving 2D gases at
the accumulation layers. RTDs are interesting structures to
investigate the physical properties of a 2DEG and a 2DHG,
as they both can be observed in a single sample. Our results
indicate that the 2D gases act as spin-polarized sources for
tunneling carriers along the structure.
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FIG. 3. (Color online) Bias voltage dependence of (a) QW spin-splitting
energy and (b) polarization degree from QW, 2DHG-e, and 2DEG-h emis-
sions at 19 T. The insert shows the voltage dependence of rþ and r inte-
grated PL intensity and DCP for QW and 2DHG.
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